Introduction {#s1}
============

Small, noncoding RNAs or microRNAs (miRNAs) have emerged as powerful regulators of gene expression, including that of pancreatic β-cells ([@B1]--[@B3]). Especially miR-204 has been shown to be highly enriched in β-cells as opposed to α-cells ([@B2],[@B4]--[@B6]), suggesting that it may play a particularly important role in β-cell biology. Indeed, we recently found that miR-204 targets the insulin transcription factor MafA and thereby downregulates insulin production ([@B4]). Moreover, we found that miR-204 also targets PERK and thereby regulates the unfolded protein response and β-cell apoptosis ([@B7]). However, considering the fact that miRNAs can, by imperfect base pairing of their seed sequence, bind to the 3′ UTR of a multitude of mRNAs, leading to destabilization or translational inhibition of these target genes ([@B8]), we searched for additional putative genes that might be regulated by miR-204.

Intriguingly, using miRWalk as well as [microrna.org](microrna.org) target prediction software, we identified the glucagon-like peptide 1 receptor (GLP1R) as a potential target of miR-204. Conversely, when using these software programs to predict putative miRNAs that may target the GLP1R 3′ UTR, miR-204 again emerged as the most promising miRNA (all other predicted miRNAs were either not expressed in β-cells or had much shorter seed lengths, making actual targeting unlikely). The GLP1R is a G protein--coupled seven-transmembrane receptor highly expressed on pancreatic β-cells that plays a critical role in conferring the effects of GLP-1, the major incretin produced in intestinal L cells and pancreatic islet α-cells ([@B9],[@B10]). GLP-1 is secreted in response to food intake, binds to the GLP1R, and leads to increased generation of cAMP, which stimulates glucose-induced β-cell insulin secretion and helps maintain glucose homeostasis ([@B11]). However, GLP1R not only mediates the effects of endogenously produced GLP-1, it is also responsible for the action of a large class of incretin mimetic diabetes drugs widely used in the treatment of type 2 diabetes ([@B12]), including injectable GLP-1 mimetics and analogs (e.g., exenatide and liraglutide) and oral dipeptidyl peptidase-4 (DPP-4) inhibitors that block GLP-1 degradation (e.g., sitagliptin and linagliptin).

β-Cell expression of GLP1R has been reported to be downregulated in type 2 diabetes ([@B13]), in response to glucose ([@B14],[@B15]) and by its own ligand, GLP-1 ([@B16]), whereas upregulation by metformin ([@B17],[@B18]) and 5-amino-4-imidazolecarboxamide riboside (AICAR) ([@B18]) and stabilization by *N*-glycosylation ([@B19]) has been suggested. However, the factors regulating GLP1R expression are still not fully understood. Taken together with the important role that GLP1R plays in β-cell biology, glucose homeostasis, and diabetes treatment, this makes the possibility that β-cell GLP1R expression might be under the control of an miRNA even more intriguing. The present studies were therefore aimed at investigating this possibility.

Research Design and Methods {#s2}
===========================

Tissue Culture {#s3}
--------------

HEK293 cells and native INS-1 insulinoma cells were grown as previously described ([@B20],[@B21]). Mouse pancreatic islets were isolated by collagenase digestion as detailed previously ([@B22]). Human islets were obtained from the Integrated Islet Distribution Program, and islets from the same donor were always used as control, and islets from at least three different donors were used per experiment.

Animal Studies {#s4}
--------------

All mouse studies were approved by the University of Alabama at Birmingham (UAB) Animal Care and Use Committee and conform to the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals. The miR-204 knockout mouse (204KO) was generated by the UAB Transgenic & Genetically Engineered Models (TGEMs) facility using blastocyst injection of C57BL/6 embryonic stem cells with deletion of miR-204 (N01299P1_C\_239W_B9/H11; NorCOMM, Saskatoon, Saskatchewan, Canada). The β-cell--specific thioredoxin-interacting protein (TXNIP) knockout mice (bTKO) and their controls have been described previously ([@B23]). Diabetes was induced in control and 204KO mice by multiple low-dose streptozotocin (STZ) injections (40 mg/kg body weight, freshly prepared in 0.1 mmol/L sodium citrate at pH 4.5) and intraperitoneally administered daily for five consecutive days as described previously ([@B23]). GLP1R signaling was inhibited using daily intraperitoneal injections of the GLP1R antagonist exendin(9--39) (Ex-9; 0.6 mg/kg body weight) (Bachem, Torrance, CA) as described previously ([@B24]). For glucose tolerance tests, mice received glucose (1.5 g/kg) by intraperitoneal injection after a 16-h fast ([@B9]). To test the effect of Ex-4 on insulin secretion and glucose metabolism, Ex-4 (10 nmol/kg) (CHI Scientific, Maynard, MA) or vehicle (PBS) was administered via intraperitoneal injection 30 min prior to the glucose injection, as described previously ([@B9]). Blood glucose was measured at −30, 0, 15, 30, 60, 90, and 120 min. The glucose area under the curve (AUC) was calculated from 0 to 120 min using the trapezoidal rule. Serum samples harvested at −30 and 10 min were used for insulin measurement with the Mouse Ultrasensitive Insulin ELISA kit (ALPCO, Salem, NH). For ex vivo islet insulin secretion in response to Ex-4, isolated islets (three per tube, four tubes per mouse and condition) were incubated in 16.7 mmol/L glucose Krebs-Ringer buffer with or without 100 nmol/L Ex-4 at 37°C for 45 min, and the supernatant was used for insulin measurements by ELISA.

cAMP Measurements {#s5}
-----------------

After overnight recovery at 37°C in RPMI containing 5 mmol/L glucose, isolated mouse islets (20 per tube) were transferred into Krebs-Ringer buffer containing 1.67 mmol/L glucose for 1 h followed by 15 min at 16.7 mmol/L glucose with or without 10 nmol/L Ex-4. To terminate the reaction, cold ethanol was added to the tubes at a final concentration of 65%. Intracellular cAMP levels were measured using the cAMP Direct Immunoassay Kit (Abcam, Cambridge, MA) and according to the manufacturer's instructions.

Plasmid Construction, Transfection, and Luciferase Assays {#s6}
---------------------------------------------------------

The wild-type (WT) human and rat GLP1R 3′ UTR regions containing miR-204 binding sites were amplified from genomic DNA by using the primers listed in [Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db17-0506/-/DC1). To generate the GLP1R 3′ UTRs with mutated miR-204 binding site, mutations were introduced by PCR and primers listed in [Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db17-0506/-/DC1). PCR products were subcloned into the *Spe*I and *Pme*I sites of the pMIR-REPORT luciferase vector (Thermo Fisher Scientific), yielding WT GLP1R (GLP1R-WT) and mutant GLP1R-M 3′ UTR luciferase reporter plasmids. All plasmids were confirmed by sequencing. For luciferase assays, HEK293 cells were plated in 12-well plates and grown overnight to ∼60% confluency. Cells were transfected with GLP1R-WT or GLP1R-M together with hsa-miR-204 mirVana miRNA mimic or negative control oligos (Thermo Fisher Scientific) using DharmaFECT Duo transfection reagent (GE Dharmacon, Lafayette, CO). To control for transfection efficiency, cells were cotransfected with pRL-TK (Promega, Fitchburg, WI) control plasmid expressing renilla luciferase, and 48 h after transfection, firefly as well as renilla luciferase activity was determined using the Dual Luciferase Assay Kit (Promega). To overexpress or knock down miR-204, INS-1 cells were plated in six-well plates and grown overnight to ∼60% confluency. Human islets or mouse islets were gently dispersed by incubation for 5--8 min in 200 μL of 0.05% trypsin-EDTA (Thermo Fisher Scientific) at 37°C, washed, and resuspended in culture medium as described previously ([@B4]). Cells were transfected with hsa-miR-204-5p mirVana miRNA mimic (Thermo Fisher Scientific) or miRIDIAN miRNA has-miR-204-5p inhibitor (GE Dharmacon) or corresponding control oligos at a final concentration of 25 nmol/L using the DharmaFECT1 transfection reagent (GE Dharmacon).

Quantitative Real-time RT-PCR {#s7}
-----------------------------

RNA isolation and quantitative real-time RT-PCR (qRT-PCR) were performed as described previously ([@B4],[@B23]) using primers listed in [Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db17-0506/-/DC1), and gene and miRNA expression results were corrected for 18S and U6 run as internal standards, respectively.

Immunoblotting {#s8}
--------------

Protein extracts were prepared as described previously ([@B22]). Protein concentrations were measured by Pierce BCA Protein Assay (Thermo Fisher Scientific), and equal amounts of protein were loaded. The following antibodies were used: rabbit anti-GLP1R IgG (sc-66911; Santa Cruz Biotechnology, Dallas, TX), mouse anti-actin IgG (ab3280; Abcam), goat anti-rabbit IgG (sc-2004; Santa Cruz Biotechnology), and goat anti-mouse IgG (sc-2005; Santa Cruz Biotechnology), and bands were visualized by ECL Plus (GE Healthcare, Little Chalfont, U.K.) and quantified by ImageQuant TL software (GE Healthcare).

Statistical Analysis {#s9}
--------------------

Student *t* tests were used to calculate the significance of a difference between two groups. For data sets of more than two groups, we performed one-way ANOVA calculations.

Results {#s10}
=======

miR-204 Targets the GLP1R 3′ UTR {#s11}
--------------------------------

To address the question of whether GLP1R may indeed be targeted by miR-204, we performed a detailed analysis of the 3′ UTR of the GLP1R, which revealed two potential miR-204 binding sites in humans ([Fig. 1*A*](#F1){ref-type="fig"}) and one in rodents ([Fig. 1*B*](#F1){ref-type="fig"}). We therefore generated a WT human GLP1R 3′ UTR luciferase reporter construct as well as three additional mutant constructs disrupting the first, second, or both potential miR-204 seed sequence binding sites. Cotransfection experiments revealed that miR-204 significantly decreased luciferase levels through the WT GLP1R 3′ UTR, and mutations of the first or second site each reduced this effect and the double mutation completely blunted it ([Fig. 1*C*](#F1){ref-type="fig"}). Similar results were also obtained with the rat GLP1R 3′ UTR ([Fig. 1*D*](#F1){ref-type="fig"}) and mouse GLP1R 3′ UTR, confirming that GLP1R is truly a direct target of miR-204 and contains conserved miR-204 seed sequence binding sites ([Supplementary Fig. 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db17-0506/-/DC1)).

![miR-204 targets the GLP1R 3′ UTR. Alignment of the miR-204 seed sequence (arrow) with target sequences (bold) identified in the WT GLP1R 3′ UTR of human (*hGLP1R*-*WT*, site 1 and site 2) (*A*) or rat (*rGlp1r WT*) (*B*); mutated (M) target sequences are shown in red or blue, respectively. HEK293 cells were cotransfected with WT or mutant 3′ UTR luciferase reporter plasmids and with miR-204 mimic or negative control, and miR-204--directed repression of the luciferase reporter gene bearing human (*C*) or rat (*D*) WT or mutant 3′ UTR segments was assessed 48 h after transfection. Bars represent means ± SEM of at least three independent experiments. \**P* \< 0.05; \*\**P* \< 0.01.](db170506f1){#F1}

miR-204 Regulates GLP1R Expression in Rat INS-1 Cells and Primary Mouse and Human Islets {#s12}
----------------------------------------------------------------------------------------

Next, we analyzed the effects of miR-204 on endogenous GLP1R in primary human and mouse islets and in rat INS-1 cells. Consistent with the results of our 3′ UTR luciferase assays, we found that miR-204 overexpression led to a decrease in GLP1R mRNA ([Fig. 2*A*--*C*](#F2){ref-type="fig"}) and protein expression ([Fig. 2*D*](#F2){ref-type="fig"} and [Supplementary Fig. 2](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db17-0506/-/DC1)), whereas knockdown of miR-204 with anti--miR-204 resulted in a significant increase in GLP1R expression ([Fig. 2*E*](#F2){ref-type="fig"}). These results demonstrate that miR-204 indeed regulates endogenous GLP1R and that this effect is not restricted to a cell line or a particular species.

![miR-204 regulates GLP1R expression in primary human and mouse islets and in rat INS-1 cells. Primary human islets (*A*), mouse islets (*B*), and rat INS-1 cells (*C*) were transfected with miR-204 mimic or negative control, and 72 h later, GLP1R mRNA expression was assessed by qRT-PCR. *D*: GLP1R protein was measured by immunoblotting and quantified by ImageQuant in INS-1 cells 72 h after transfection with miR-204 mimic or negative control. *E*: INS-1 cells were transfected with miR-204 inhibitor or inhibitor negative control, and GLP1R mRNA expression was assessed 48 h later. All data are shown as the mean ± SEM of at least three independent experiments. \**P* \< 0.05; \*\**P* \< 0.01.](db170506f2){#F2}

Deletion of miR-204 Enhances Islet GLP1R Expression and Function and Promotes Insulin Secretion and Glucose Control In Vivo in Mice {#s13}
-----------------------------------------------------------------------------------------------------------------------------------

To study the in vivo role of miR-204, we used 204KO. Mice appeared healthy overall and had normal body weight, blood glucose, and serum insulin levels as well as normal insulin sensitivity ([Supplementary Fig. 3](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db17-0506/-/DC1)). Analysis of their islets confirmed effective knockout of miR-204 ([Fig. 3*A*](#F3){ref-type="fig"}). Interestingly, islets of 204KO mice also had clearly higher expression levels of GLP1R ([Fig. 3*B*](#F3){ref-type="fig"}) compared with control WT littermates, consistent with our in vitro findings ([Fig. 2](#F2){ref-type="fig"}). Moreover, glucose tolerance tests revealed that whereas under basal conditions blood glucose levels were not significantly different in 204KO mice as compared with controls ([Fig. 3*C*](#F3){ref-type="fig"}), 204KO mice were more responsive to the effects of the GLP1R agonist exendin-4 (Ex-4) and exhibited lower blood glucose levels ([Fig. 3*C*](#F3){ref-type="fig"}) and glucose AUC in response to Ex-4 ([Fig. 3*D*](#F3){ref-type="fig"}). In addition, analysis of serum insulin levels demonstrated that Ex-4--induced insulin secretion was significantly increased in 204KO mice ([Fig. 3*E*](#F3){ref-type="fig"}), again consistent with the higher expression level of GLP1R observed in the islets of these mice. Similarly, Ex-4--induced insulin secretion was also significantly increased ex vivo in isolated 204KO islets as compared with control islets ([Fig. 3*F*](#F3){ref-type="fig"}), whereas insulin content remained unchanged ([Supplementary Fig. 4*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db17-0506/-/DC1)). Since GLP-1 signals via cAMP ([@B25]), we also assessed Ex-4--induced cAMP production and found that 204KO islets produced significantly more cAMP in response to Ex-4 as compared with control islets ([Fig. 3*F*](#F3){ref-type="fig"}), further demonstrating that the increase in GLP1R expression in response to miR-204 deletion translates into increased function and an increase in islet GLP1R signaling. Of note, similar findings have been observed in GLP1R transgenic mice ([@B9]). Since GLP-1 has been shown to inhibit α-cell glucagon secretion ([@B26]), we also assessed whether miR-204 deletion had any influence on this effect. However, while Ex-4 led to a dramatic decrease in serum glucagon as expected, it did so in both 204KO and control mice, and no difference was observed between the groups ([Supplementary Fig. 4*B*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db17-0506/-/DC1)). Similarly, miR-204 deletion did not affect ex vivo islet glucagon secretion from isolated islets ([Supplementary Fig. 4*C*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db17-0506/-/DC1)). The fact that miR-204 knockout had no effect on α-cell glucagon secretion is in alignment with the pre-existing low/absent expression of miR-204 in WT α-cells ([@B2],[@B4]--[@B6]). Also, based on these results, it is very unlikely that any of the observed effects of miR-204 deletion on glucose homeostasis were due to altered glucagon levels.

![Deletion of miR-204 enhances islet GLP1R expression and promotes Ex-4--induced insulin secretion and glucose control in vivo in mice. miR-204 (*A*) and GLP1R (*B*) expression in islets of 204KO mice and control littermates as assessed by qRT-PCR and corrected for U6 and 18S, respectively. *C*: Glucose tolerance tests with or without injection of Ex-4 (10 nmol/kg i.p. at −30 min) using age- and sex-matched 204KO or control mice. Glucose (1.5 g/kg i.p.) was injected at 0 min, and blood glucose was measured at the designated time points; glucose AUC (*D*) and Ex-4--induced changes in serum insulin (*E*). *F*: Insulin secretion from isolated islets of 204KO or control mice in response to Ex-4. *G*: Intracellular cAMP production in response to Ex-4 was assessed in isolated islets of 204KO or control mice. All data are shown as the mean ± SEM; *n* = 3--6 mice per group. \**P* \< 0.05; \*\*\**P* \< 0.001.](db170506f3){#F3}

204KO Mice Exhibit Improved Glucose Control and Increased Serum Insulin Levels in the Context of Diabetes {#s14}
---------------------------------------------------------------------------------------------------------

Increased GLP1R signaling has been shown to improve glucose homeostasis in various mouse models of diabetes, including diabetes induced by multiple low-dose STZ injections ([@B27]). We therefore hypothesized that miR-204 deletion and the associated increase in GLP1R might also have beneficial effects in the context of STZ-induced diabetes. Indeed, we found that 204KO mice were protected against the hyperglycemia observed in control mice and maintained significantly lower blood glucose ([Fig. 4*A*](#F4){ref-type="fig"}) and increased insulin levels ([Fig. 4*B*](#F4){ref-type="fig"}). Moreover, treatment of 204KO mice with the GLP1R antagonist Ex-9 blunted this protective effect and mice developed STZ-induced diabetes similarly to control mice ([Fig. 4*A*](#F4){ref-type="fig"}), suggesting that the beneficial effects of miR-204 deletion were primarily mediated by GLP1R signaling. Of note, we have previously shown that downregulation of TXNIP, the upstream regulator of miR-204, also improves glucose homeostasis in the context of this and other diabetes models ([@B23]).

![204KO mice exhibit improved glucose control and increased serum insulin levels in the context of diabetes. To induce diabetes, male 204KO and control mice received multiple low-dose STZ injections with or without the GLP1R antagonist Ex-9. *A*: The blood glucose on day 1 prior to STZ and on day 15 after the start of the STZ injections is shown. *B*: Comparison of serum insulin levels on day 15. Bars represent means ± SEM; *n* = 3--6 mice per group. \**P* \< 0.05; \*\*\**P* ≤ 0.001.](db170506f4){#F4}

miR-204 Expression Is Low or Absent in Stomach or Exocrine Pancreas and GLP1R Expression Remains Unaltered in Response to miR-204 Deletion in These Tissues {#s15}
-----------------------------------------------------------------------------------------------------------------------------------------------------------

GLP1R is highly expressed on pancreatic β-cells but also in the exocrine pancreas, stomach, small intestine, and brain ([@B28],[@B29]), and inhibition of gastric and small intestinal motor function may even contribute to the lowering of postprandial glycemia in response to GLP-1 agonists ([@B30]). However, it may also contribute to some of the dose-dependent side effects of GLP1R agonists, including delayed gastric emptying and nausea ([@B30],[@B31]), as well as to the potentially elevated risk for pancreatitis and pancreatic cancer, an issue that has remained controversial ([@B32]--[@B34]). In contrast, whereas miR-204 is also highly expressed in pancreatic β-cells ([@B2],[@B4],[@B6]), we found no or very low expression in the exocrine pancreas and stomach ([Fig. 5*A*](#F5){ref-type="fig"}). Consistent with these findings and in contrast to the observed increase in islets ([Fig. 3*B*](#F3){ref-type="fig"}), GLP1R expression was unaltered in the stomach and exocrine pancreas of global 204KO mice as compared with controls ([Fig. 5*B* and *C*](#F5){ref-type="fig"}).

![miR-204 expression is low or absent in stomach or exocrine pancreas, and GLP1R expression remains unaltered in response to miR-204 deletion in these tissues. *A*: Low or absent expression of miR-204 in stomach and exocrine pancreas of control and 204KO mice as compared with miR-204 expression in control islets. GLP1R expression in stomach (*B*) and exocrine pancreas (*C*) of 204KO mice and control mice. All data are shown as the mean ± SEM of at least three mice.](db170506f5){#F5}

β-Cell--Specific TXNIP Knockout Mice Have Lower miR-204 and Higher GLP1R Expression and Exhibit Enhanced Insulin Secretion and Glucose Control in Response to Ex-4 {#s16}
------------------------------------------------------------------------------------------------------------------------------------------------------------------

We initially identified miR-204 as one of the top miRNAs induced by TXNIP ([@B4]). Although TXNIP has been known as a ubiquitously expressed cellular redox regulator ([@B35],[@B36]), we previously reported that TXNIP is upregulated by glucose and diabetes and plays a major role in the control of pancreatic β-cell mass and that TXNIP deletion or inhibition protects against type 1 and type 2 diabetes ([@B21]--[@B23],[@B37]--[@B39]). More recently, we also showed that TXNIP upregulates miR-204, whereas miR-204 expression is decreased in response to TXNIP deletion ([@B4]). Given this role of TXNIP as an upstream regulator of miR-204, we next investigated whether TXNIP deletion could mimic the effects of miR-204 deletion. Taking advantage of our bTKO mice ([@B23]), we assessed whether TXNIP deletion could upregulate GLP1R expression. We found that miR-204 expression was significantly downregulated in bTKO islets ([Fig. 6*A*](#F6){ref-type="fig"}), and this was associated with a clear increase in GLP1R expression ([Fig. 6*B*](#F6){ref-type="fig"}). Again glucose tolerance tests showed no difference between the different mouse lines at baseline but revealed significantly lower blood glucose levels in response to Ex-4 in the bTKO mice as compared with control mice ([Fig. 6*C*](#F6){ref-type="fig"}). Consistent with these findings, the glucose AUC was also significantly lower in bTKO mice as compared with controls ([Fig. 6*D*](#F6){ref-type="fig"}), whereas Ex-4--induced insulin secretion was upregulated ([Fig. 6*E*](#F6){ref-type="fig"}). Moreover, consistent with the findings in 204KO islets, Ex-4--induced cAMP production was also increased in bTKO islets as compared with control islets ([Fig. 6*F*](#F6){ref-type="fig"}). These results suggest that inhibition of miR-204 or of its upstream regulator TXNIP can modulate islet GLP1R expression and function and with that the responsiveness to Ex-4 administration.

![β-Cell--specific TXNIP knockout mice have lower miR-204 and higher GLP1R expression and exhibit enhanced insulin secretion and glucose control in response to Ex-4. miR-204 (*A*) and GLP1R (*B*) expression was measured in islets of bTKO mice and control mice using qRT-PCR. *C*: Glucose tolerance tests were performed in age- and sex-matched bTKO or control mice by glucose administration (1.5 g/kg i.p. at 0 min) and with or without Ex-4 (10 nmol/kg i.p. at −30 min); blood glucose was measured at the designated time points; glucose AUC (*D*) and Ex-4--induced changes in serum insulin (*E*). *F*: Intracellular cAMP production in response to Ex-4 was assessed in isolated islets of bTKO or control mice; *n* = 3--9 mice per group. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001.](db170506f6){#F6}

Discussion {#s17}
==========

Taken together, our work provides the first demonstration that GLP1R is under the control of an miRNA. Moreover, our findings in rat INS-1 cells and primary mouse and human islets as well as in vivo in miR-204- and TXNIP-deficient mouse models reveal that TXNIP-induced miR-204 regulates islet GLP1R expression and that lack of miR-204 or TXNIP promotes the β-cell response to GLP1R agonists, enhances insulin secretion and glucose homeostasis, and has protective effects in the context of diabetes.

The sequence of miR-204 is well conserved between human, rat, and mouse, and it initially was just described to be expressed in kidney, retina, and insulinomas ([@B40]--[@B42]), but it has now been identified as the most highly enriched miRNA in human β-cells as opposed to α-cells ([@B2],[@B4]--[@B6]), suggesting that miR-204 may play a particularly important role in β-cell biology. In fact, our current discovery of miR-204 downregulating islet GLP1R, which is critical for incretin-mediated insulin secretion, is in line with this notion, as are our previous observations of miR-204 targeting the major insulin transcription factor MafA and downregulating insulin production ([@B4]). It is also interesting to note that by doing so, miR-204 can inhibit both insulin synthesis and GLP1R-mediated insulin secretion. Together with our recent finding that miR-204 also regulates β-cell ER stress ([@B7]), these results indeed suggest that this miRNA may act as a linchpin in the control of β-cell function and stress response. Moreover, deletion of miR-204 also had protective effects in the context of diabetes and, like deletion of TXNIP, resulted in improved glucose control and increased insulin levels, suggesting that at least some of the previously described beneficial effects of TXNIP inhibition ([@B23]) might be mediated by miR-204 downregulation. Furthermore, the fact that the protective effects of miR-204 deletion were dependent on intact GLP1R signaling and blunted by a GLP1R antagonist underlines the important role that GLP1R regulation plays in mediating the miR-204 effects.

We have previously shown that TXNIP is upregulated by glucose and diabetes and induces β-cell apoptosis ([@B21]--[@B23],[@B37],[@B39]) and have established TXNIP inhibition as a novel approach to protect against β-cell death, promote β-cell mass, and prevent diabetes ([@B21]--[@B23],[@B37]), and this was validated by us and others in different models ([@B43]--[@B45]). Recently, we further found that TXNIP regulates β-cell miRNA expression and in particular induces expression of miR-204 and thereby inhibits insulin transcription ([@B4]). Our current results now indicate for the first time that by controlling GLP1R, TXNIP can also regulate GLP1R agonist--mediated insulin secretion, revealing a novel link between TXNIP and incretin action.

Consistent with this notion, the effects of TXNIP or miR-204 deletion on glucose tolerance were primarily observed in response to Ex-4 and therefore seem to be dependent on the upregulation of GLP1R. In fact, the results of regular glucose tolerance tests in the absence of Ex-4 were not significantly altered in our bTKO or 204KO mice showing no significant improvement in blood glucose, glucose AUC, insulin secretion, or cAMP production as compared with control mice. Nevertheless, we cannot exclude the possibility that additional targets of miR-204, such as MafA ([@B4]) or PERK ([@B7]), might contribute to the overall improvement in β-cell function in response to miR-204 deletion. In future studies, it therefore will be interesting to further explore the effects this miRNA may have on the dynamics of intracellular cAMP production, as it has previously been linked to granular priming and exocytosis ([@B46]). Conversely, it is also conceivable that the higher expression level of GLP1R in the bTKO mice as compared with controls may facilitate endogenous GLP-1 function and thereby may have contributed to the improved glucose homeostasis observed in these TXNIP-deficient mice ([@B23]).

Also, we have previously shown that GLP1R agonist treatment results in decreased islet TXNIP expression ([@B47]). Now our data indicate that TXNIP inhibits GLP1R expression, suggesting that by doing so, it may diminish the effects of GLP-1, which theoretically would promote TXNIP expression. Interestingly, we have recently described a TXNIP-positive feed-forward loop that would be consistent with such an idea ([@B48]).

Type 2 diabetes is a growing public health problem, and inadequate β-cell function and insulin secretion are key factors in its pathogenesis ([@B49]). Many new diabetes drugs have therefore been developed over the last several decades that attempt to address these issues. However, many have significant side effects, and aside from metformin, incretin mimetics are the only class of antidiabetes drugs that is unlikely to cause hypoglycemia and that is not associated with any weight gain. GLP-1 analogs and DPP-4 inhibitors have therefore become widely used in patients with type 2 diabetes ([@B9],[@B10],[@B12],[@B25]). Obviously, a prerequisite for their function is an adequate expression level of GLP1R, and this is also true for some newly developed synthetic small molecule stimulators of GLP-1 release ([@B50]). However, GLP1R expression has been shown to be downregulated in response to hyperglycemia ([@B14],[@B15]), and less GLP1R staining was observed in islets of patients with type 2 diabetes as compared with control subjects without diabetes ([@B13]). Given this challenge, it is not surprising that mechanisms that might enhance GLP1R activity and lead to targets that could help overcome this hurdle have received significant attention ([@B51],[@B52]).

In the meantime though, incretin mimetic drugs are just used at high enough doses to elicit the desired effects on β-cell insulin secretion and glucose control. Although incretin mimetics have many advantages, they are also associated with dose-dependent adverse effects, most commonly nausea and delayed gastric emptying ([@B30],[@B31]), as well as some rare and still controversial side effects, including the elevated risk for pancreatitis and pancreatic cancer, even though the latter seems now to have been effectively rebutted ([@B32]--[@B34]). These side effects are not necessarily surprising given the fact that GLP1R is expressed not only in pancreatic β-cells but also in in the exocrine pancreas, stomach, and brain ([@B28],[@B29]). Therefore, being able to selectively promote β-cell GLP1R activity would be highly beneficial in terms of avoiding some of these adverse effects.

Intriguingly, like GLP1R, miR-204 is also highly expressed in pancreatic β-cells ([@B2],[@B4],[@B6]); however, we found very little miR-204 expression in other GLP1R-expressing tissues, such as stomach or exocrine pancreas, and consistent with that, deletion of miR-204 did not affect GLP1R expression in these tissues, even though it effectively increased β-cell GLP1R expression. This raises the attractive possibility that by inhibiting miR-204, for example with an RNA therapeutic, one could confer β-cell--specific induction of GLP1R expression and, when combined with an incretin mimetic, safely enhance the effectiveness of this diabetes treatment. Moreover, this novel concept of inhibiting an miRNA in a nontargeted manner, but taking advantage of its restricted tissue distribution, and thereby selectively upregulating its target genes in that tissue may have far reaching implications for miRNA biology and tissue-specific gene targeting in general.

Conclusion {#s18}
----------

Thus, the results of the present studies establish GLP1R as a novel target of miR-204, uncover a previously unappreciated link between TXNIP and incretin action, and reveal potential novel strategies to optimize incretin mimetic diabetes drug therapy.
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